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Foreword

This report examines the basic principles of using intermediate frequency electromagnetic
tomography in a cross-borehole configuration, highlights some of the issues involved, and
reviews the literature relevant to this subject.
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FIGURES

Figure 1  Schematic diagram of a crosshole EMT data acquisition system.

Figure 2  Log-Log plot of frequency vs resistivity showing D = 0.1 (green), D = 1 (blue) and
D =10 (red line).

il



IR/05/146; Issue 1.0 Last modified: 2005/11/09 10:01

Summary

Cross-borehole electromagnetic tomography is a non-contact geophysical method that can be
used to generate images of the electrical properties of the subsurface. It is rather underutilised for
site-scale investigation, due to the broad range of frequencies over which it must respond and the
complicated nature of the electromagnetic fields in this range. However, such a system would
find applications in a wide variety of environments, from fracture characterisation in highly
resistive crystalline rock to pollution monitoring in conductive landfills. There is currently a gap
in the European market for this type of tomography, despite the fact that it is in use and subject
to on-going development in Canada, the U.S. and Australia. This report reviews the literature
relevant to a cross-hole electromagnetic tomography imaging system and makes
recommendations on its design and implementation.

iii



IR/05/146; Issue 1.0 Last modified: 2005/11/09 10:01

1 Literature Review

Electromagnetic tomography (EMT) is a geophysical technique used to investigate the electrical
properties of the subsurface. There are two commonly used ranges of frequency - audio
magnetotellurics (up to a few tens of kHz, for depths up to a few kilometres) and ground
penetrating radar (tens to hundreds of MHz, for depths of a few metres). The intermediate
frequency range is somewhat under-utilised, especially in a cross-hole configuration. This is
probably due to the more complicated nature of the electromagnetic fields at these frequencies.
But there are many benefits to working in this regime; no galvanic contact is required with the
formation, there is a good balance between resolution and depth of investigation, and resistivity
and permittivity can be imaged simultaneously. Despite this, there is a gap in the market for this
technology. During a recent commercial survey, no European contractor could be found to
conduct a cross-hole EMT survey (Wilkinson et al., 2004). This report examines the basic
principles of designing, using and analysing intermediate frequency EMT in a cross-borehole
configuration, highlights some of the issues involved, and reviews the literature relevant to this
subject.

A schematic diagram of a cross-hole EMT system is shown in Fig. 1. It is envisaged that the
typical depths and separation of the boreholes will be tens to hundreds of metres, making the
system ideal for site-scale investigations. The targets to be imaged will lie on or near the panel
between the boreholes. For the most part, it will be assumed that these targets will have different
electrical properties with respect to the background, but the same magnetic properties. That is,
there will be contrasts in resistivity (p) and/or permittivity (¢ = g¢;), but not in permeability
(u = uotty). Any exceptions to these assumptions will be pointed out in the text.

Signal Lock-In | | Spectrum
Generator ’* Amp Analyzer
Receiver I

I Transmitter

Figure 1: Schematic diagram of a crosshole EMT data acquisition system.
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The character and propagation of EM waves in conductive media, such as geological formations,
depends on the ratio of the magnitudes of the conduction current density and the displacement
current density. This ratio is called the dissipation (D) and is given by

D= : (M

where o = 2nf'is the angular frequency and f'is the frequency. If D <<1, then the medium is a
good dielectric and will support radiative waves, whereas if D >> 1, the medium is a good
conductor and the EM waves will be heavily damped (they are sometimes called diffusive in this
regime). Loseth et al. (2005) have demonstrated that, for D > 10, the evolution of the EM wave
is dominated almost entirely by the resistivity and conversely by the permittivity for D <0.1. In
either of these regimes, EMT will only be sensitive to the changes in the dominant electrical
property. However, in the intermediate regime, 0.1 < D < 10, it should be possible to image
contrasts in either property, though it is worth noting that permittivity contrasts between different
rock types are generally much smaller than the corresponding resistivity contrasts. The largest
permittivity contrasts tend to occur between rock and fractures or voids filled with air (&, = 1) or
water (& ~ 80). For a typical earth permittivity of ¢, = 10, Fig. 2 shows the frequencies for which
D=0.1, 1 and 10 as a function of resistivity. For frequencies below the red D =10 line,
conduction currents dominate and wave propagation is controlled by p. Above the green D = 0.1
line, wave propagation is dependent only on ¢ since the displacement currents are dominant.
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Figure 2: Log-Log plot of frequency vs resistivity showing D = 0.1 (green), D =1 (blue) and
D =10 (red line).

The character of the EM waves can be illustrated by considering the simple case of a plane wave
in an infinite conductive whole space. Assuming propagation along the x-axis, the electric field
takes the form

E = E, exp(-ax) exp i(owt — fx), (2)

where a = 1/ 0 and f = 2n/A. ¢ is the skin depth, 4 is the wavelength, and a and f are positive
values given by
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respectively, where ¢ is the speed of light in vacuum. In the limit D >> 1 (low frequency or high
conductivity), the skin depth reduces to the familiar form

P
o=_|—. (5)
i
For these heavily damped waves, the wavelength is proportional to the skin depth:
A=2m0. (5)

In the opposite limit D <<1 (high frequency or high resistivity), the damping is light and the
wavelength is simply given by

c

A=t (7)

Secn”
as expected. The skin depth is
2 p\/z
\/; )

which, in this limit, is independent of frequency.

5:

®)

For most applications of cross-hole EMT, D is likely to be > 1, so the wavelength will be larger
than the skin depth (although in hard crystalline rocks, this could be reversed). For typical
resistivities (10 — 1000 Qm) and frequencies (10 kHz — 1 MHz), this will result in skin depths of
~10 — 100 m, comparable with the borehole spacings. In this case, one will be considering the
near-field of the antenna where the waves will not be planar. A full description of the attenuated
waves from an antenna in a conductive medium is given in Leseth et al. (2005), but enough
insight into the character of the fields can be gained from the undamped case of a small electric
(Hertzian) dipole in free space. Its electric field has components that depend on the distance from
the dipole, r, as 1/r, 1//* and 1/, whilst the magnetic field components are proportional to 1/r
and 1/#* only. The 1/r terms are the radiation fields, which carry energy away from the dipole.
The 1// terms are known as induction fields, which store energy from the antenna in one
quarter-cycle and return it in the next. Finally, the 1/ electric field is called the quasi-static
field, which arises due to charge moving to and from the ends of the antenna. At a distance of
r=A/2n, all three types of field are equal in magnitude. When r <1/2m, the quasi-static and
induction fields dominate, this is the near-field region. The far-field region occurs where r» > A/2n
and the radiation fields are dominant. Capacitive resistivity imaging (CRI) is an example of a
low-frequency geoelectrical imaging system that works in the extreme near-field, the quasi-static
regime, only (Kuras et al., 2005). By contrast, ground penetrating radar (GPR) is a high
frequency system that detects the far-field radiating waves (Olsson et al., 1992). However, a
radio-frequency cross-hole EMT system is likely to operate around the »=A4/2m region,
depending on the electrical properties of the ground and the frequency, and will therefore have to
be able to detect and analyse combinations of all three types of field. This will require innovative
designs of transmitters, receivers and forward and inverse modelling algorithms.

Whilst low- and high-frequency EM imaging are both commonly used (see Spies (1996) for a
comprehensive review), there are only a few systems that exploit the intermediate regimes of

6
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diffusive and radio-frequency EMT. Specifically these are the Radio Imaging Method (RIM), the
Very Early Time Electromagnetic (VETEM) system and a modified RIM system from Petros
Eikon Inc. RIM is a cross-hole system developed in the 1980s by mining companies to map coal
seams for continuity and detect disruptions (Stolarczyk & Stolarczyk, 1998). It has been shown
to be complementary to the In-Seam Seismic method, but faster and more convenient with better
resolution (Vozoff et al., 1993). It has also been shown to be effective in detecting and imaging

mineral deposits due to the attenuation of the signal caused by conductive ores (Thomson ef al.,
1992; Thomson & Hinde, 1993; van Schoor & Duvenhage, 1999).

VETEM is a towed surface system being developed by the US Geological Survey for monitoring
shallow nuclear waste repositories. For example, at the DoE Radioactive Waste Management
Complex at Idaho Falls, a 1 acre site consisting of a 2.5 m deep layer of waste covered by ~1.5 m
of soil is being monitored by a prototype VETEM system (Wang et al., 2004). The system uses a
rapidly ramped broadband signal over the range 0-5 MHz, which gives high resolution in the
shallow sub-surface, like GPR, with better imaging of deeper layers (Cui et al., 2003). Further
technical details can be found in Abraham et al. (2003). Since evanescent waves are included in
the data analysis, sub-wavelength resolution is possible, by analogy with the recently discovered
“perfect lens” phenomenon in optics (Pendry, 2000).

Petros Eikon Inc of Canada has developed a substantially modified RIM-type system for mining,
geotechnical and environmental cross-hole investigations. It can operate over a broad frequency
range (a few tens of kHz to a few MHz) using the same antenna. For simple dipole antennae,
transmission and reception are most efficient when the length of the dipole is 4/2. However, for
the typical frequencies and resistivities encountered, the wavelength can be over 100m, making
the dipole antenna prohibitively long for borehole use. To overcome this limitation, and to
improve resolution, Petros Eikon use a Normal Mode Helical Antenna (Groom, 2001), a
compact design used in mobile phones. Whilst this antenna is not an efficient radiator, in tests it
has been found to be effective in the near field. A further advantage is that it has a very broad
resonance response, enabling it to be used over a large frequency range. Since the antenna is
essentially a combination of a magnetic coil and an electric dipole, it creates magnetostatic fields
in addition to electrostatic fields. These fields will also couple to the helical receiver and must be
accounted for in the data analysis.

The different properties of the rock types affect the measured fields in different ways. In the
diffusive regime (large D), the resistivity controls both parameters of the EM waves (Yu &
Edwards, 1997). The first parameter is the rate of damping, which affects the amplitude of the
received signal. The second is the speed of propagation, which controls the time-of-flight of the
signal when measuring in the time-domain (Coen, 2000), or the phase shift in the frequency-
domain. In this limit, the permittivity has no effect. Conversely, if the dissipation is small, the
speed of the wave is controlled solely by the permittivity (and permeability if applicable),
whereas the damping is affected by both resistivity and permittivity. In the intermediate regime
where D = 1, both parameters contribute to both properties (Yu et al., 1998).

Many approaches to inversion of measured EM data have been proposed and assessed. These fall
broadly into two camps: rapid approximate techniques based on ray tracing, and more numerical
methods involving full non-linear inversion. Intuitively, one would expect ray-tracing techniques
to work only in the high frequency, propagating wave limit. But many studies have demonstrated
that they are also valid for the diffusive waves found in the low and intermediate frequency
regimes. This has been shown from the standpoints of theory (Coen, 2000; Lee et al., 2002;
Loseth et al., 2005), modelling studies (Nekut, 1994) and field data (Rogers et al., 1993; van
Schoor & Duvenhage, 1999). Despite these successes, non-linear inversion techniques have also
been developed, which cope better with the effects of large property contrasts. Initially such
techniques were based on integral equation techniques and the Born approximation (Sena &
Toksoz, 1990; Alumbaugh & Morrison, 1995a; 1995b; 1995c), with better results in high
contrast regions being obtained by using higher order terms in the Born series expansion
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(Abubakar & van den Berg, 2000a; 2000b; Zhang & Liu, 2001; Tseng et al., 2003). However,
rapid advances in available computer power have also made it possible to use finite-difference
methods to calculate the fields numerically at each stage of the inversion. This has been
demonstrated in both the time-domain (Debroux, 1996; Yu et al., 1998) and the frequency
domain (Dorn et al., 1999; Champagne et al., 2001). There are also methods that combine some
advantages of the differential and integral equation techniques (Newman, 1995; Xie et al., 2000).

The resolution of an EMT image depends on the frequency as well as the accuracy of the
inversion method. Since they operate in the far-field, the resolution of high-frequency EMT
techniques is roughly equal to the wavelength (Olsson ef al., 1992). For lower frequency near-
field applications, the resolution depends on the data coverage, the number of different
frequencies in use (Cao et al., 2003) and the spatial sensitivity of each measurement
configuration (Spies & Habashy, 1995). The resolution has been shown to be significantly better
than a wavelength in this regime (Zhou ef al., 1993; Alumbaugh & Morrison, 1995a; Xie ef al.,
2000). This should not be a surprising result to those familiar with DC resistivity tomography or
induced polarisation tomography, since these techniques also produce sub-wavelength
resolution.

The design and production of a prototype EMT system will depend critically on the following
considerations (amongst others):

* Design of the antenna. Since Petros Eikon has had considerable success using a compact helical
antenna (Groom, 2001), this would seem an ideal place to start. A possible improvement would
be to investigate the spiro-helical antenna, a tight helix wound into a looser spiral, which shares
the advantages of the helical antenna whilst being about three times smaller (Ghoreishian, 1999).
Another possibility would be to use a compact fractal antenna (Puente ef al., 1998). For accurate
tomographic imaging, the radiation patterns of the antenna in typical rock types will have to be
calculated (Ellefsen et al., 2004; Ellefsen & Wright, 2005).

* Frequency range / time- or frequency-domain. To cover the widest range of applications, it
would be advisable for the system to be able to operate over a broad bandwidth. The literature
indicates that transient (pulsed) time-domain systems are harder to design and engineer than
continuous frequency-domain systems (Wilt et al., 1995a; 1995b; or compare the development
of the RIM and VETEM systems).

* Envisaged applications. If a broad bandwidth is used, then cross-hole EMT will have a range of
possible applications. With a compact antenna it will be applicable to geotechnical,
environmental and engineering site investigations at low frequenices, e.g. for tunnel (Mahrer &
List, 1995) and mineshaft detection, or contamination and groundwater investigation (Groom,
2001). Typically GPR would fail in these situations due to its short skin depth in relatively
conductive ground (Wilkinson et al., 2004). At frequencies of ~100 kHz — 1 MHz, EMT would
be of use in detecting and characterising fracture zones in crystalline rock masses at larger
distances than GPR (Day-Lewis et al, 2003), although without the detailed orientation
information provided by GPR reflectivity measurements (Olsson et al., 1992). If hydraulic
connectivity of fracture zones could be demonstrated (perhaps by the injection and mapping of
conductive saline tracers), this technique could prove attractive to Nirex for post-closure
monitoring of deep nuclear waste repositories (White et al., 2004).

In summary, a cross-hole EMT system working in the intermediate frequency range would have
the flexibility to be used in a wide variety of investigations. Most of the effort required on the
hardware development would probably focus on antenna design and robustness of the system in
the presence of noise. On the analysis side, a simple image reconstruction based on ray-tracing
could be developed quickly for a testing with a prototype system. This would then serve as a
starting point for a full non-linear inversion algorithm required for accurate tomographic
imaging.



IR/05/146; Issue 1.0 Last modified: 2005/11/09 10:01

2 References

Most of the references listed below are held in the Library of the British Geological Survey at
Keyworth, Nottingham. Copies of the non-confidential references may be purchased from the
Library subject to the current copyright legislation. Confidential reports cannot be released
without the written permission of the client.

ABRAHAM, J.D., SMITH, D.V., AND WRIGHT, D.L., 2003, VETEM (Very Early Time
Electromagnetic) System, Survey of Pit 4 and Pit 10 Subsurface Disposal Area,
Radioactive Waste Management Complex, Idaho National Engineering and
Environmental Laboratory, Idaho Falls, ID. United States Geological Survey Open-
File Report, 03-140.

ABUBAKAR, A., AND VAN DEN BERG, P.M., 20004, Three-dimensional inverse scattering applied

to cross-well induction sensors. /[EEE Transactions on Geoscience and Remote
Sensing 38, 1669-1681.

ABUBAKAR, A., AND VAN DEN BERG, P.M., 2000B, Non-linear three-dimensional inversion of
cross-well electrical measurements. Geophysical Prospecting 48, 109-134.

ALUMBAUGH, D.L., AND MORRISON, H.F., 1995A, Monitoring subsurface changes over time with
cross-well electromagnetic tomography. Geophysical Prospecting 43, 873-902.

ALUMBAUGH, D.L., AND MORRISON, H.F., 19958, Electromagnetic conductivity imaging with an

iterative Born inversion. I[EEE Transactions on Geoscience and Remote Sensing 31,
758-763.

ALUMBAUGH, D.L., AND MORRISON, H.F., 1995c, Theoretical and practical considerations for

crosswell electromagnetic tomography assuming a cylindrical geometry. Geophysics
60, 846-870.

Cao, J., HE, Z., ZHU, J., AND FULLAGAR, P.K., 2003, Conductivity tomography at two
frequencies. Geophysics 68, 516-522.

CHAMPAGNE, N.J., BERRYMAN, J.G., AND BUETTNER, H.M., 2001, FDFD: A 3D finite-difference
frequency-domain code for electromagnetic induction tomography. Journal of
Computational Physics 170, 830-848.

COEN, S., 2000, Three dimensional diffusion delay time tomography. Physical Review Letters
85, 683-687.

Cul, T.J., AYDINER, A.A., CHEW, W.C., WRIGHT, D.L., AND SMmiTH, D.V., 2003, Three-
dimensional imaging of buried objects in very lossy earth by inversion of VETEM
data. IEEE Transactions on Geoscience and Remote Sensing 41, 2197-2210.

DAY-LEWIS, F.D., LANE JR, J.W., HARRIS, J.W., AND GORELICK, S.M., 2003, Time-lapse
imaging of saline-tracer transport in fractured rock using difference-attenuation radar
tomography. Water Resources Research 39, 1290.

DEBROUX, P.S., 1996, 3D modelling of the electromagnetic response of geophysical targets
using the FDTD method. Geophysical Prospecting 44, 457-468.

DORN, O., BERTETE-AGUIRRE, H., BERRYMAN J.G., AND PAPANICOLAOU, 1999, A nonlinecar
inversion method for 3D-electromagnetic imaging using adjoint fields. Inverse
Problems 15, 1523-1558.

ELLEFSEN, K.J., ABRAHAM, J.D., WRIGHT, D.L., AND MAZZELLAZ, A.T., 2004, Numerical study

of electromagnetic waves generated by a prototype dielectric logging tool.
Geophysics 69, 64-77.



IR/05/146; Issue 1.0 Last modified: 2005/11/09 10:01

ELLEFSEN, K.J., AND WRIGHT, D.L., 2005, Radiation pattern of a borehole radar antenna.
Geophysics 70, K1-K11

GHOREISHIAN, 1., 1999, The Spiro-Helical Antenna. MSc Thesis, VirginiaPolytechnic Institute
and State University.

GrooM, R., 2001, Developments in a normal mode helical electrical antennae crosshole
instrumentation and integrated interpretation system, In Proceedings of SAGEEP
2001: Symposium on the Application of Geophysics to Engineering and
Environmental Problems, 4-7 March 2001, Denver, Colorado.

KuraAs, O., BEAMISH, D., MELDRUM, P.I., AND OGILVY, R.D., 2005, Fundamentals of the
capacitive resistivity technique. Geophysics (in press).

LEE, T.J., SuHz, J.H., KiM, H.J., SONG, Y., AND LEE, K.H., 2002, Electromagnetic traveltime
tomography using an approximate wavefield transform. Geophysics 67, 68-76.

LoSETH, L., PEDERSEN, H.M., URSIN, B., AMUNDSEN, L., AND ELLINGSRUD, S., 2005, Low-
frequency electromagnetic fields in applied geophysics: Waves or diffusion?
Submitted to Geophysics.

MAHRER, K.D., AND LisT, D.F., 1995, Radio frequency electromagnetic tunnel detection and
delineation at the Otay Mesa site. Geophysics 60, 413-422.

NEKUT, A.G., 1994, Electromagnetic ray-trace tomography. Geophysics 59, 371-377.

NEWMAN, G., 1995, Crosswell electromagnetic inversion using integral and differential
equations. Geophysics 60, 899-911.

OLLSON, O., FALK, L., FORSLUND, O., LUNDMARK, L., AND SANDBERG, E., 1992, Borehole
Radar applied to the characterization of hydraulically conductive fracture zones in
crystalline rock. Geophysical Prospecting 40, 109-142.

PENDRY, J.B., 2000, Negative refraction makes a perfect lens. Physical Review Letters 85, 3966-
3969.

PUENTE, C., ROMEU, J., Pous, R., RaMIS, J. AND HJAZO, A., 1998, Small but long Koch fractal
monopole. IEE Electronics Letters 34, 9-10.

ROGERS, G., BRANDT, L., YOUNG, J. AND KoOT, J., 1993, The study of diffusion effects in RIM
tomographic imaging. Exploration Geophysics 24, 785-788.

SENA, A.G. AND ToOksSOz, M.N., 1990, Simultaneous reconstruction of permittivity and
conductivity for crosshole geometries. Geophysics 55, 1302-1311.

SpiES, B.R., AND HABASHY, T.M., 1995, Sensitivity analysis of crosswell electromagnetics.
Geophysics 60, 834-845.

SPIES, B.R., 1996, Electrical and electromagnetic borehole measurements: A review. Surveys in
Geophysics 17, 517-556.

STOLARCZYK, L.G., AND STOLARCZYK, G.L., 1998, Electromagnetic wave detection and imaging
technologies (EDIT) for reducing ash, sulfur, and heavy metals in run-of-mine coal.
In Proceedings of the 15" Annual International Pittsburgh Coal Conference.

THOMSON, S., YOUNG, J., AND SHEARD, N., 1992, Base metal applications of the radio imaging
method. Current status and case studies. Exploration Geophysics 23, 367-372.

THOMSON, S., AND HINDE, S., 1993, Bringing geophysics into the mine: Radio attenuation
imaging and mine geology. Exploration Geophysics 24, 805-810.

TSENG, H.-W, LEE, K.H., AND BECKER, A., 2003, 3D interpretation of electromagnetic data
using a modified extended Born approximation. Geophysics 68, 127-137.

10



IR/05/146; Issue 1.0 Last modified: 2005/11/09 10:01

VAN SCHOOR, M., AND DUVENHAGE, D., 1999, Comparison of crosshole radio imaging and
electrical resistivity tomography for mapping out disseminated sulphide

mineralization at a surface test site in Mpumalanga, South Africa. Exploration
Geophysics 30, 135-139.

Vozorr, K., SMITH, G.H., HATHERLY, P.J., AND THOMSON, S., 1993, An overview of the Radio
Imaging Method in Australian coal mining. First Break 10, 13-21.

WANG, G.L., CHEwW, W.C., Cul, T.J., AYDINER, A.A., WRIGHT, D.L., AND SMITH, D.V., 2004,
3D near-to-surface conductivity reconstruction by inversion of VETEM data using
the distorted Born iterative method. /nverse Problems 20, S195-S216.

WHITE, M.J., BENNETT, D.G., CRAWFORD, M.B., AND EMSLEY, S., 2004, Techniques for Post-

Closure Monitoring: Summary Report. Galson Sciences Ltd report for United
Kingdom Nirex Ltd (Contract No. SC3030/008).

WILKINSON, P.B., GUNN, D.A., OGILVY, R.D., BINLEY, A., AND NISSEN, J., 2004, Cross-hole
tomographic imaging of an air-filled mineshaft, Pewfall colliery, Site B. British
Geological Survey Internal Report, CR/04/226.

WILT, M.J., ALUMBAUGH, D.L., MORRISON, H.F., BECKER, A., LEE, K.H., AND DESzZCZ-PAN, M.,

19954, Crosswell electromagnetic tomography: System design considerations and
field results. Geophsyics 60, 871-885.

WIiLT, M.J., LEE, K.H., ALUMBAUGH, D.L., MORRISON, H.F., BECKER, A., TSENG, H.-W. AND
TORRES-VERDIN, C., 1995B, Crosshole electromagnetic tomography: A new
technology for oil field characterization. The Leading Edge 14,173-177.

XIE, G., L1, J., MAJER, E.L., Zuo, D., AND ORISTAGLIO, M.L., 2000, 3-D electromagnetic
modeling and nonlinear inversion. Geophysics 65, 804-822.

Yu, L., AND EDWARDS, R.N., 1997, On crosswell diffusive time-domain electromagnetic
tomography. Geophysical Journal International 130, 449-459.

Yu, L., CHOUTEAU, M., BOENER, D.E., WANG, J., 1998, On the imaging of radio-frequency data
for cross-borehole mineral exploration. Geophysical Journal International 135, 523-
541.

ZHANG, Z.Q., AND Liu, Q.H., 2001, Two nonlinear inverse methods for electromagnetic

induction measurements. /EEE Transactions on Geoscience and Remote Sensing 39,
1331-1339.

ZHOU, Q., BECKER, A., AND MORRISON, H.F., 1993, Audio-frequency -electromagnetic
tomography in 2-D. Geophysics 58, 482-495.

11



	Foreword
	Acknowledgements
	Contents
	 Summary
	1  Literature Review
	2   References

